Introduction {#S1}
============

Therapeutic dendritic cell (DC) vaccines take advantage of the ability of this critical cell-type to capture, process, and present antigens to T cells to stimulate an adaptive immune response.^[@R1],\ [@R2]^ DC vaccination strategies generally involve leukapheresis after which monocytes are isolated and differentiated with cytokines to monocyte-derived dendritic cells (MDDCs). These are then pulsed with antigen and re-infused. Alternatively, antigen coupled to a DC-targeting moiety can be directly injected. Vaccination strategies are also under development in which DCs are transduced *ex vivo* with an antigen-expressing viral vector, providing endogenous production of antigen that results in more effective presentation on class I MHC and sustained production of antigen.

The use of lentiviral vectors as DC vaccine vectors has the advantage that they integrate into the target cell genomic DNA, resulting in long-term expression and do not encode viral proteins.^[@R3],\ [@R4]^ However, the development of lentiviral vectors as DC vaccines has been limited by the low efficiency with which the cells are transduced. DCs express SAMHD1, a phosphohydrolase that depletes the cell of deoxynucleotide triphosphates, causing their concentration to fall below what is required to support reverse transcription of the viral genome and resulting in low titers of HIV-1-based vectors.^[@R5]^ HIV-2 and some SIV isolates, encode the accessory protein Vpx that counteracts SAMHD1-mediated restriction. Vpx is packaged into virions and upon infection, binds to SAMHD1. The complex then recruits the E3 ubiquitin ligase CRL4 that induces the proteasomal degradation of SAMHD1 and relieves the block to infection.^[@R6],\ [@R7]^

HIV-1-based lentiviral vectors do not encode Vpx and Vpx cannot be packaged into HIV-1 virions. Vpx is packaged into HIV-2 and SIV virions by a 10 amino acid packaging motif in the P6 protein of the respective Gag precursor polyprotein, a motif that is absent from HIV-1 Gag. To improve the ability of lentiviral vectors to transduce DCs, we generated a lentiviral packaging system in which the Vpx packaging motif was introduced into P6 of the HIV-1 Gag/Pol packaging vector to allow for the production of HIV-1 virions that contain packaged Vpx.^[@R8]^ Using this vector, virus stock is produced by cotransfection of 293T cells with lentiviral vector plasmid and Vpx expression vector. The resulting virus contains a high copy number of Vpx molecules and infects DCs with a two-log increase in titer allowing for the stable expression of transgenes or shRNA knock-down of target genes.^[@R9]^

We report here the development of Vpx-containing lentiviral DC vaccine vectors that express the DC stimulatory protein CD40L together with an immunodominant epitope derived from influenza virus or HIV-1. DCs transduced with Vpx-containing lentiviral vectors stimulated antigen-specific CTLs and induced the production of Th1-skewing and proinflammatory cytokines. Coculture of CD40L-expressing transduced DCs with latently infected T cells induced provirus expression. The ability of the transduced DCs to induce virus production from latently infected cells and to boost anti-HIV-1 T cell responses may provide a means of decreasing the size of the latent reservoir in patients on combination antiretroviral therapy (cART), a strategy that has been the focus of attempts to achieve a functional cure for HIV-1 infection. Such vectors may also be useful in the development of therapeutic vaccines against other diseases including cancer, where antigenic targets have been identified.

Results {#S2}
=======

Lentiviral vectors expressing CD40L-antigen fusion proteins {#S3}
-----------------------------------------------------------

The ability to efficiently transduce DCs with Vpx-containing lentiviral vectors provides a means of continuous, endogenous production of antigen and coexpression of immunomodulatory proteins that enhance the adaptive immune response. To test this concept, we generated lentiviral vectors encoding influenza A matrix protein amino acids 58-66 (termed here M1), an immunodominant, HLA-A\*0201-restricted epitope to which most donor CD8 T cells generate a strong memory response *in vitro*.^[@R10]^ To enhance the ability of the transduced DCs to stimulate a strong response to the antigen, we introduced the sequence encoding CD40L. CD40L expressed on activated T cells binds to CD40 on DCs to induce their maturation and activate antigen presentation pathways.^[@R11]-[@R14]^ CD40L binding to DC CD40 also induces the production of the Th1-skewing and proinflammatory cytokines IL-12 and TNF-α and promotes B cell activation and immunoglobulin class switch recombination.^[@R15]-[@R17]^ Because CD40L is a type II transmembrane protein such that its carboxy-terminus faces the endoplasmic reticulum (ER) lumen during biosynthesis, we reasoned that fusion of the antigenic peptide to the carboxy-terminus of CD40L, separated by a P2A self-cleaving peptide, would provide a means of enhancing the immunogenicity of the antigen. Cleavage of the P2A sequence upon biosynthesis would release the peptide into the ER, providing it access to the MHC class I antigen presentation pathway. As controls, we generated vectors that expressed GFP (Control LV), CD40L alone (CD40L), and a dual promoter vector that expressed GFP and M1 with an amino-terminal signal peptide (ER-M1) (**[Fig. 1a](#F1){ref-type="fig"}**).

CD40L-M1 fusion protein induces DC maturation and T cell proliferation {#S4}
----------------------------------------------------------------------

To determine the ability of the vectors to induce DC maturation, we produced virus stocks for the lentiviral vectors such that they contained or lacked packaged Vpx.^[@R8]^ For this, we cotransfected 293T cells with the HIV-1 Gag/Pol expression vector pMDL-X that contains the Vpx packaging motif and SIVmac Vpx or empty expression vector control plasmid and normalized their infectivity on 293T cells (**[Fig. S1](#SD1){ref-type="supplementary-material"}**). We then infected HLA-A\*02+ DCs and after three days quantified the GFP+ and CD40L+ cells by flow cytometry. Representative flow cytometry plots are shown for one donor (**[Fig. 1b](#F1){ref-type="fig"}**). On average, Vpx-containing viruses infected DCs with a 55-fold higher titer compared to those that lacked Vpx (**[Fig. 1c](#F1){ref-type="fig"}**). Despite having been normalized for infectivity on 293T cells, on some donor DCs the titer of the CD40L-expressing lentiviral vectors appeared over 50% lower than that of the GFP-expressing viruses. This apparent reduction in titer may be caused by blocking the accessibility of the anti-CD40L staining antibody to CD40L by endogenous CD40 on the DCs, preventing detection of the transduced DCs by flow cytometry.

To determine the effect of CD40L on DC maturation, we transduced DCs with the lentiviral vectors and after three days determined how many cells expressed CD83 and CD86. The results showed that the Control LV induced one third of the cells to express CD83 and this was independent of Vpx (**[Fig. 2a](#F2){ref-type="fig"}**). CD40L-expressing lentiviral vectors that lacked or contained Vpx resulted in 49.5% and 84.2% CD83+ cells, respectively. Lentiviral vectors expressing ER-M1 induced maturation similar to that of Control LV, and vectors expressing the CD40L-M1 fusion protein induced maturation similar to that of CD40L, indicating that the fusion protein was biologically active. In the case of CD86, vectors that lacked Vpx induced 40-49% of the DCs to express CD86 while those transduced with CD40L-expressing vectors containing Vpx were nearly all matured. These results were further supported by an analysis of three donor DC populations (**[Fig. 2b](#F2){ref-type="fig"}**).

To determine the ability of the vectors to induce Th1-skewing and proinflammatory cytokines, we transduced DCs and quantified supernatant IL-12p70, TNF-α, and IL-6. Lentiviral vectors that contained Vpx and expressed CD40L or CD40L-M1 induced IL-12 32-fold and 18-fold more than control vectors (**[Fig. 3a](#F3){ref-type="fig"}**). TNF-α (**[Fig. 3b](#F3){ref-type="fig"}**) and IL-6 (not shown) were similarly induced.

To understand how the Vpx-lacking vectors induced DC maturation although they infected only a small number of cells, we prepared control supernatants from untransfected 293T cells or from 293T cells transfected with the lentiviral vector plasmids but without pcVSV-G or the pMDL Gag/Pol packaging construct and prepared viruses from 293T cells treated with nevirapine or raltegravir. The results showed that 293T-conditioned medium itself induced a low level of maturation (**[Fig. S2a](#SD1){ref-type="supplementary-material"}**). Supernatant produced from 293T cells transfected with the CD40L lentiviral vector (in the absence of Gag/Pol) induced about 60% of the DCs to mature, suggesting that it was mediated by a low level of soluble form of CD40L present in the supernatant. Infection of DCs with Vpx-containing lentiviral vectors encoding CD40L increased the extent of maturation to nearly 100% and this increase was prevented by the antiretroviral drugs suggesting that it was caused by productive infection. Control supernatants and viruses did not induce the production of proinflammatory cytokines and their production was induced only by infection with CD40L-expressing lentiviral vectors (**[Fig. S2b](#SD1){ref-type="supplementary-material"}**). Taken together, these results suggest that CD40L vector stocks contain some soluble CD40L that induces DCs to mature but that full maturation requires productive infection and expression of the lentiviral vector encoded CD40L.

To determine whether CD40L-expressing DCs would induce antigen-independent T cell proliferation, we transduced DCs with the lentiviral vectors and after two days, added autologous CFSE-labeled, monocyte-depleted PBMCs. After seven days, the extent to which the CFSE fluorescence decreased as a result of cell division was analyzed in the CD8 (CD3+/CD8+) and CD4 (CD3+/CD4+) T cell populations. Analysis of a representative donor showed that the CD8 T cells did not proliferate when cultured alone (mock) or with untransduced DCs (**[Fig. 4a](#F4){ref-type="fig"}, top**). Transduction of DCs with virus that lacked Vpx induced only a small amount of T cell proliferation (**[Fig. 4a](#F4){ref-type="fig"}, bottom**). In contrast, DCs transduced with Vpx-containing CD40L-expressing lentiviral vector strongly induced CD8 T cell proliferation. The CD4 T cells behaved similarly but were more sensitive overall in their proliferative response to both the control vectors and CD40L-expressing virus (**[Fig. 4b](#F4){ref-type="fig"}, top and bottom**). Analysis of the CD8 and CD4 T cells in three donors was consistent with these results (**[Fig. 4c](#F4){ref-type="fig"}, top and bottom**).

Transduced DCs present antigen to CTLs {#S5}
--------------------------------------

DCs expressing the CD40L-M1 fusion protein should present antigen to T cells bearing the relevant T cell receptor. To determine whether this was the case, we cocultured the transduced DCs with an HLA-A\*0201-restricted M1-specific CTL clone^[@R18]^ and after 24 hours, quantified supernatant IFN-γ as a measure of CTL activation. To control for maximal CTL activation, the DCs were pulsed with M1 peptide. DCs transduced with lentiviral vectors that lacked Vpx weakly activated the CTLs as compared to the peptide-pulsed DCs. DCs expressing ER-M1 moderately activated the CTLs. In contrast, DCs transduced with Vpx-containing CD40L-M1 fusion protein vector strongly activated the CTLs, approaching the level of peptide-pulsed DCs (**[Fig. 5a](#F5){ref-type="fig"}**). These findings suggested that the CD40L-peptide fusion protein was efficiently presented on MHC class I by the transduced DCs.

To determine whether the vectors would allow for efficient presentation of an antigen relevant to HIV-1 infection, we generated a vector that expressed CD40L fused to SL9, an HLA-A\*0201-restricted HIV-1 CTL epitope (**[Fig. 5b](#F5){ref-type="fig"}, top**).^[@R19]^ To test the ability of the DCs transduced with SL9 lentiviral vector to present antigen to T cells, we cocultured the HLA-A\*0201-restricted SL9-specific CTL clone S1-SL9-3.23T^[@R20]^ with Vpx-containing lentiviral vector-transduced DCs and measured IFN-γ production by the CTL. The results showed that the CTL clone was activated by CD40L-SL9-transduced DCs but not by the control M1 peptide, reaching levels comparable to SL9 peptide-pulsed DCs (**[Fig. 5b](#F5){ref-type="fig"}, bottom**). The activation was specific for expression of the SL9 epitope.

To evaluate the CTL response at the single cell level, we analyzed intracellular IFN-γ in the cocultured CTLs. DCs pulsed with M1 peptide induced nearly all of the CTLs to produce IFN-γ, while DCs transduced with M1-expressing lentiviral vectors that lacked Vpx had no effect (data not shown). In contrast, lentiviral vectors that contained Vpx and expressed ER-M1 or CD40L-M1 activated 21% and 82% of the CTLs, respectively (**[Fig. 5c](#F5){ref-type="fig"}**). Moreover, of the cells that responded, CD40L-M1 induced \>two-fold more IFN-γ per cell than the lentiviral vector that expressed ER-M1, suggesting that the CD40L-M1 fusion protein was more efficiently presented than the signal peptide-linked epitope. To determine the number CD40L-M1-expressing DCs required to activate the CTL clone, we titrated the number of DCs in the coculture. As little as 1:20 DC per CTLs caused CTL activation, far fewer than what was required for DCs expressing ER-M1 (**[Fig. S3](#SD1){ref-type="supplementary-material"}**). These results supported the increased potency with which the CD40L-M1 activated the CTLs.

CD40L-M1-transduced DCs induce CTL proliferation {#S6}
------------------------------------------------

To determine whether the CD40L-M1-transduced DCs would induce the proliferation of antigen-specific CD8 T cells, we transduced DCs with the lentiviral vectors and/or pulsed them with M1 peptide and then cocultured the cells with autologous CD8 T cells in the absence of added cytokines. After nine days, we quantified the number of M1-specific CD8 T cells by staining with M1 tetramer and CD8. We found that M1 peptide-pulsed DCs induced few antigen-specific T cells, while Vpx CD40L-transduced DCs pulsed with peptide induced a clear response (**[Fig. 6a](#F6){ref-type="fig"}**). DCs transduced with vectors that expressed M1 but lacked Vpx induced few antigen specific T cells. DCs transduced with the Vpx-containing vector that encoded M1 without CD40L were inefficient at expanding antigen-specific T cells, inducing tetramer-staining T cells in only 2 of 6 donors. In contrast, the Vpx-containing vector encoding CD40L and M1 induced a T cell response in 5 of 6 donors. The response was as strong, or stronger, than the response to DCs transduced with CD40L vector pulsed with pure peptide.

To measure the cytolytic potential of activated CD8 T cells, we stained the cells for intracellular CD107a, a marker of antigen-specific degranulation.^[@R21]^ For this, we transduced the DCs and two days later added autologous CD8 T cells. After ten days, M1 or irrelevant peptide was added and after six hours the cultures were stained for intracellular CD107a and costained for CD8. Analysis of the cells by flow cytometry showed that viruses lacking Vpx induced little degranulation. In cultures in which the DCs were transduced with the Vpx-containing CD40L-M1 fusion protein expression vector, about 10% of the CD8 T cells had degranulated (**[Fig. 6b](#F6){ref-type="fig"}**). Vectors lacking CD40L induced significantly fewer T cells. Taken together these results show that the antigen-specific T cells expanded and were likely to have cytolytic activity.

CD40L-transduced DCs activate quiescent HIV-1 {#S7}
---------------------------------------------

The ability of the CD40L-expressing DCs to activate T cells might provide a means of inducing latent proviruses. To test this possibility, we determined whether CD40L-transduced DCs would activate HIV-1 production from ACH-2 cells, a cell-line that contains a latent HIV-1 provirus.^[@R22]^ Transduced DCs were cultured with ACH-2 cells for two days after which we quantified infectious HIV-1 in the culture supernatant on TZM-bl reporter cells. As a measure of maximal provirus reactivation, we treated the ACH-2 cells with PMA. The results showed that DCs transduced with virions lacking Vpx induced low level virus production while DCs transduced with Vpx-containing CD40L-expressing lentiviral vector induced virus production comparable to that induced by PMA (**[Fig. 7a](#F7){ref-type="fig"}**). To test whether the reactivation required cell contact, we cultured the transduced DCs and ACH-2 cells separately in a transwell membrane filter plate or together in a single well. The DCs separated by the transwell membrane filter activated HIV-1 production from the ACH-2 cells to an extent equivalent to the coculture. This finding suggested that reactivation could be mediated by a soluble factor (**[Fig. 7b](#F7){ref-type="fig"}**).

To further test the ability of the CD40L-transduced DCs to reactivate latent provirus, we incubated supernatants of the lentiviral vector-transduced DCs with J-Lat cells. J-Lat cells are Jurkat cells that harbor a latent full-length HIV.GFP provirus that can be reactivated by various stimuli.^[@R23]^ After 24 hours, the cells were harvested and the GFP+ cells were quantified (**[Fig. 7c](#F7){ref-type="fig"}**). As a measure of maximal virus production, we treated the cells with TNF-α. Supernatant from CD40L-transduced DCs strongly induced provirus reactivation, causing detectable induction at a 1:100 dilution. Virus production increased linearly with increasing amounts of supernatant, reaching a level comparable to that induced by TNF-α. To determine whether the active factor produced by the transduced DCs was TNF-α, we treated the supernatant with an anti-TNF-α monoclonal antibody (**[Fig. 7d](#F7){ref-type="fig"}**). As a control, we added the antibody to TNF-α. The anti-TNF-α antibody blocked virus induction in response to TNF-α, demonstrating its blocking activity. Addition of anti-TNF-α antibody to the CD40L-transduced DC culture supernatant prevented virus induction from the J-Lat cells, thereby demonstrating that TNF-α present in the CD40L-tranduced DCs was required for induction from latency in J-Lat cells.

Discussion {#S8}
==========

We report here the development of Vpx-containing lentiviral vectors that transduce DCs to induce CTL responses to encoded peptide antigens. The Vpx-containing vectors transduced DCs at high titers and the vector-encoded CD40L-peptide antigen caused the cells to mature and present antigen to MHC class I-restricted CD8 T cells. Expression of the antigen as a fusion to CD40L resulted in efficient antigen presentation of the peptide to CD8 T cells. Because CD40L is a type-II transmembrane protein, fusion of the peptide to its carboxy-terminus allows for release of the peptide into the ER lumen during biosynthesis for assembly with MHC class I protein molecules. CD40L caused the DCs to mature and secrete high levels of TNF-α and IL-12, proinflammatory cytokines that promote the differentiation of Th1 T cells.^[@R24]^ The transduced DCs activated CTLs against influenza and HIV-1-derived peptide antigens and expanded antigen-specific primary CD8 T cells.

Transduction of DCs with CD40L-encoding lentiviral vectors induced nearly all of the cells to mature and produce proinflammatory cytokines. This occurred even though not all of the cells were transduced, suggesting a bystander effect. This effect could have been mediated by cell:cell contact of transduced and untransduced cells or by the presence of soluble factors produced by the transduced DCs. In addition, it appeared that the virus stocks of vectors the encoded CD40L contained a small amount of a soluble factor produced by the transfected 293T cells that caused some maturation of the DCs. We did not identify the active factor but it was present in the supernatant of 293T cells transfected with the CD40L vector alone (without Gag/Pol packaging vector), suggesting that it was a soluble form of CD40L produced by cleavage of the protein from the cell surface. The presence of a small amount of soluble CD40L in the virus stock was unlikely to have influenced the experimental results, as it did not induce the DCs to produce proinflammatory cytokines.

DCs transduced with lentiviral vectors encoding antigen and CD40L induced the proliferation of CD8 T cells with receptors specific for the antigen. For most donors, antigen-specific T cell proliferation was dependent upon the expression of both the antigen and CD40L. For these donors, CD40L caused DC maturation and activation, leading to a robust CD8 T cell response. In 2/6 donors, antigen-specific T cells proliferated without a need for CD40L, either because their T cells were highly sensitive to activation signals from the DCs or because their DCs had been activated by some other stimulus.

CD40L induced a considerable amount of non-specific T cell proliferation as reflected by the T cell proliferation induced by CD40L in the absence of peptide antigen. The proliferation was detected as dilution of CFSE staining and could be readily observed microscopically (not shown). The nonspecific T cell proliferation may mask the extent of antigen-specific T cell activation, causing an under-estimate in the absolute number of antigen-specific T cells. For vaccine purposes, CD40L-induced nonspecific T cell proliferation would be problematic; however, whether this will occur *in vivo* is not clear. *In vivo* the transduced DCs will be rapidly diluted such that systemic increases in cytokines would be much smaller. In individuals on in cART, some level of generalized T cell proliferation could in fact help to restore the number of circulating CD4 T cells.

DCs transduced to express CD40L induced the production of latent HIV-1 in two widely used cell-line models, J-Lat and ACH-2 cells. The induction did not require cell-to-cell contact and in the J-Lat model was mediated by TNF-α. While the cell-lines do not fully model the latent reservoir, TNF-α reactivates latently infected cells isolated from the peripheral blood of HIV-infected individuals on cART, indicating that this feature is accurately modeled^[@R25]^. CD40L also induces the expression other pro-inflammatory cytokines that may contribute to disruption of the latent reservoir *in vivo*, including IL-6 and IL-7^[@R13],\ [@R26],\ [@R27]^. The ability of the transduced DCs to induce latent virus by producing soluble factors maybe advantageous *in vivo* where it would allow for the induction of T cells without a need for cell contact. Moreover, the ability of DCs to migrate to lymph nodes and intestinal mucosa may provide a means to stimulate hard to reach sanctuaries of latently infected cells. To further evaluate the ability of the vaccine to induce latent provirus expression, we used a Bcl-2 transformed primary T cell latency model. However, in this model CD40L was not active and that the cells did not respond to TNF-α (not shown).

Previous reports have described lentiviral vectors for transduction of DCs. Durand, *et al*., developed lentiviral vectors that package Vpx through the attachment of a c-Src membrane-targeting domain^[@R28]^ and Negri, *et al*., used this Vpx-packaging system to generate non-integrating lentiviral vectors to prime antigen-specific CD8 T cells.^[@R29]^ Tareen, *et al*., reported on integration-deficient lentiviral vectors that target DCs through a modified Sindbis virus envelope glycoprotein and package Vpx without any modifications to the HIV-1 capsid.^[@R30]^ Non-integrating vectors avoid the problem of insertional mutagenesis as occurred in a clinical trial of γ-retrovirus-based vector.^[@R31]^ However, integration-competent HIV-1-based vectors have not encountered this problem and have the advantage that they provide long-term, higher level protein production.^[@R29]^ The vectors we have developed package Vpx at high copy number and binding to the packaging motif in Gag P6 places the protein in its native location in the virion. In the absence of the Vpx packaging motif, HIV-1-based lentiviral vectors package only trace quantities of Vpx and the virus has much lower titers on DCs.^[@R8],\ [@R9]^

Several studies support the utility of CD40L for enhancing immune responses and inducing latent virus production. In a prime-boost vaccination of mice, CD40L expression vector was found to stimulate polyfunctional T cell responses.^[@R32]^ In another study, the treatment of HIV-infected individuals with soluble CD40L was found to augment CD4 T cell proliferative responses to HIV-1 capsid.^[@R33]^ In addition, virus-like particles produced by insect cells together with CD40L were found to enhance immune responses to the immunogen in mice.^[@R34]^ The soluble CD40L that is produced by transduced DCs may also be advantageous as trimeric recombinant soluble CD40L was found to induce virus production from a latently infected macrophage cell-line.^[@R35]^ Moreover, soluble CD40L has been shown to be safe in humans.^[@R36]^

A consideration in the development of a therapeutic DC vaccine for HIV-1 is that the DCs from infected individuals may be functionally impaired.^[@R37]^ While this appears to be the case prior to therapy, DC function is at least partially restored by antiretroviral therapy.^[@R38]^ The data we show here was derived using DCs from healthy donors. However, we were able to analyze DCs from a single donor on cART. We found that upon transduction with the CD40L-M1 expressing lentiviral vector, the DCs produced proinflammatory cytokines and induced antigen-specific CD8 T cells at a level comparable to healthy donors (**[Fig. S4](#SD1){ref-type="supplementary-material"}**).

The inability of cART to cure HIV-1 infection has led to attempts to attack the long-lived reservoir of latently infected quiescent T cells.^[@R39]^ HDAC inhibitors have been used to activate latent virus but because these do not clear the infected cells^[@R40]^ stimulation of an immune response may be required. We showed here that DCs transduced to express CD40L and SL9 peptide can both reactivate quiescent HIV-1 production from latently infected cells and stimulate antigen-specific CTLs. To enhance the ability of the vectors to induce an anti-HIV immune response the vectors could be modified to express an HIV-1 polyepitope in which several peptide epitopes are linked in single polyprotein or full-length protein.^[@R41]^ In light of the central role of DCs in innate and adaptive immune responses, Vpx-containing lentiviral vector vaccines have potential for the treatment of diseases for which antigens have been defined in addition to HIV, including cancers, infections, and autoimmune diseases.

Materials & Methods {#S9}
===================

Plasmid construction {#S10}
--------------------

To construct pLenti.CD40L, CD40L cDNA with 5' and 3' BamH-I and Sal-I sites was generated by reverse transcriptase PCR from a human lymphocyte RNA template. The fragment was cleaved with BamH-I and Sal-I and ligated to similarly cleaved pLenti.CMV.GFP.puro (658-5 Addgene, Cambridge, MA).^[@R42]^ To construct pLenti.GFP.M1, an amplicon was generated in which the ER retention signal MRYMILGLLALAAVCSAA^[@R43]^ was fused in-frame to the influenza virus matrix protein peptide GILGFVFTL,^[@R10]^ termed here ER-M1, and flanked by Pst-I and Xho-I sites. The fragment was cleaved with Pst-I and Xho-I and ligated to similarly cleaved pLenti.CMV.GFP. To construct pLenti.CD40L-M1, an amplicon was generated in which the CD40L coding sequence was fused to the M1 coding sequence via the self-cleaving picornavirus 2A (P2A) sequence GSGATNFSLLKQAGDVEENPGP^[@R44]^ by overlapping PCR. The amplicon was cleaved with BamH-I and Sal-I and ligated to similarly cleaved pLenti.CMV.GFP.puro. pLenti.CD40L-SL9 was constructed the same way except that the overlapping PCR generated the CD40L-SL9 amplicon where SL9 encodes the Gag MA peptide SL9, SLYNTVATL. The pMDL-X and pcVpx plasmids have been previously described.^[@R8],\ [@R9]^

Cell culture {#S11}
------------

MDDCs were cultured in RPMI supplemented with 10 mM HEPES, gentamicin, and 5% heat inactivated pooled human serum (PHS; GemCell, Sacramento, CA). T cells were cultured in RPMI supplemented with HEPES, L-glutamine, penicillin/streptomycin, MEM nonessential amino acids, and 5% heat-inactivated PHS. J-Lat cells were cultured in RPMI supplemented with L-glutamine, penicillin/streptomycin, and 10% fetal bovine serum (FBS). ACH-2 cells were cultured in RPMI supplemented with HEPES, L-glutamine, and 10% FBS. TZM-bl and 293T cells were cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin. PBMCs of anonymous healthy donors were purchased from the New York Blood Center. Buffy coats were prepared by Ficoll density gradient centrifugation and typed for class I HLA-A\*0201 by flow cytometry with an allophycocyanin (APC)-conjugated anti-A2 monoclonal antibody (mAb) (Abcam, Cambridge, MA). Monocytes were purified by plastic adherence and cultured for 4 days in medium supplemented with 110 U/ml granulocyte-macrophage colony stimulating factor (GM-CSF; Invitrogen Inc., Grand Island, NY) and 282 U/ml IL-4 (R&D Systems, Minneapolis, MN) to generate MDDCs. The medium was replenished every two days with fresh cytokines. Autologous CD8 T cells were purified from the monocyte-depleted fraction using the EasySep Human CD8+ T Cell Enrichment Kit (Stem Cell Technologies, Vancouver, Canada) and frozen for later use. The cells were \>95% CD3+/CD8+ by flow cytometry.

Virus preparation and infections {#S12}
--------------------------------

To prepare lentiviral vector stocks, 293T cells were cotransfected by the calcium phosphate coprecipitation method with lentiviral vector plasmid, the p6-modified HIV-1 Gag/Pol expression vector pMDL-X,^[@R8]^ pcRev,^[@R45]^ pcVSV-G,^[@R45]^ and pcVpx^[@R8]^ or pcDNA6/myc-His A (Invitrogen) at a mass ratio of 28:10:7:5:2. For virions produced without Gag/Pol or without VSV-G, pcDNA6 was substituted to maintain the mass ratios. After 48 hours, virus-containing supernatant was harvested, passed through a 0.45-μm filter and concentrated on an Amicon filter (Millipore, Darmstadt, Germany) or pelleted through a 20% sucrose cushion. Amicon filter concentrated virus was used for all of the experiments except for the primary CD8 T cell assays for which the pelleted virus was used. GFP and CD40L-expressing viruses were titered on 293T cells by flow cytometry to determine the number of GFP+ or CD40L+ cells/ml and frozen in aliquots at −80°C.

Lentiviral vector-induced DC maturation and activation {#S13}
------------------------------------------------------

DCs (2.0 × 10^5^) were plated in a 96 well dish and infected with titered lentiviral vector stock at a multiplicity of infection (MOI) of 2 in the presence or absence of 10 μM raltegravir (Fisher, Waltham, MA) or 1 μM nevirapine. After 72 hours, cells were stained with PE-conjugated anti-CD40L mAb (BD Biosciences, San Jose, CA) and the GFP+ and CD40L+ cells were quantified by flow cytometry. The differentiation state of the DCs was determined 72 hours post-infection by staining with APC-conjugated anti-CD83 and phycoerythrin (PE)-conjugated anti-CD86 mAbs (BioLegend, San Diego, CA) and measuring supernatant IL-12p70, TNF-α, IL-6, IL-1β, and IL-10 using the Human Inflammatory Cytokine Cytometric Bead Array (BD Biosciences).

T cell proliferation responses to lentiviral vector-transduced DCs {#S14}
------------------------------------------------------------------

Autologous DCs (2.0 × 10^5^) were plated in a 96 well dish and infected with lentiviral vectors at MOI=2. After 48 hours, 2.5 × 10^4^ transduced DC were cocultured with 2.0 × 10^5^ autologous monocyte-depleted leukocytes that had been labeled for 10 minutes with 10 μM CFSE (Invitrogen) in PBS/0.1%BSA. Cocultures were maintained for one week without cytokines and then stained with APC-conjugated anti-CD4, PE-conjugated anti-CD3, and peridinin chlorophyll protein complex (PerCP)-conjugated anti-CD8 mAbs (BioLegend) and analyzed by flow cytometry.

CTL activation assays {#S15}
---------------------

HLA-A\*0201+ DCs (2.0 × 10^5^) were plated in a 96 well dish and transduced with lentiviral vectors at MOI=2. After 72 hours, 5.0 × 10^4^ DCs were harvested and transferred to a new plate to containing an equal number of HLA-A\*0201-restricted CTL clone specific for M1^[@R18]^ or SL9 (S1-SL9-3.23T).^[@R20]^ Maximal CTL clone stimulation was determined by pulsing the DCs with 1 μg/ml M1 or SL9 peptide (ProImmune, Oxford, England). After 24 hours, supernatant IFN-γ was measured by Th1/Th2 cytokine cytometric bead array (BD Biosciences) or Human IFN-γ Flex Set (BD Biosciences). For intracellular staining, 5.0 × 10^4^ transduced DCs were cocultured with the 5.0 × 10^4^ M1-specific CTLs. After one hour, 10 ng/ml brefeldin A (Sigma) was added and 7 hours later, the cells were harvested, stained with fluorescent-conjugated anti-CD3, CD8 mAbs, fixed, permeabilized, stained with PE-conjugated anti-IFN-γ (BioLegend), and analyzed by flow cytometry.

For primary CD8 T cell assays, DCs were transduced with lentiviral vectors concentrated by ultracentrifugation through a 20% sucrose cushion. After two days, 2.0 × 10^4^ were cocultured in a 96 well dish with 2.0 × 10^5^ autologous CD8 T cells. Cocultures were maintained for 9 days in T cell medium that was replenished every 2-3 days with fresh medium devoid of cytokines, after which the cells were harvested and stained with eFluor 450-Viability dye (eBioscience, San Diego, CA), PerCP-conjugated anti-CD8 mAb, and APC-conjugated M1 or SL9 tetramers (prepared by the NYULMC Vaccine and Cell Therapy Laboratory) and analyzed by flow cytometry. For primary CD8 T cell cytotoxicity assays, the cocultured cells were restimulated with 5 μg/ml of M1 peptide or SL9 peptide (irrelevant peptide) in the presence of monensin (BD Biosciences), brefeldin A, and APC-conjugated CD107a (BD Biosciences). Six hours post-stimulation, the cells were harvested, washed, surface stained with eFluor 450-Viability dye and PerCP-conjugated anti-CD8 mAbs and analyzed by flow cytometry.

Latent virus reactivation assay {#S16}
-------------------------------

For assays with ACH-2 cells,^[@R22],\ [@R46]^ 5.0 × 10^4^ lentiviral vector-transduced DCs were cocultured with 2.0 × 10^5^ ACH-2 cells in a 96 well plate or were plated at an equivalent ratio in the upper and lower chambers of a 0.4 μM transwell plate (Corning, Corning, NY). 1 μM PMA (Sigma, St. Louis, MO) was added to one well as a positive control. After 48 hours, the culture supernatant was harvested and infectious virus was plated on 1 × 10^4^ TZM-bl reporter cells^[@R47]-[@R49]^ in a 96 well plate. After two days, the plate was stained for β-galactosidase, and the spots were quantified with an ImmunoSpot S6 Micro Analyzer Elispot Reader (Cellular Technology, Ltd.). For assays with J-Lat cells,^[@R23]^ the supernatant from cultures of 2.0 × 10^5^ lentiviral vector-transduced DCs was collected 72 hours post-infection, serially diluted and applied to 2.0 × 10^5^ J-Lat cells (full-length clone 10.6) in a 96 well dish. TNF-α (R&D Systems) was added to 1 ng/ml to one well as a positive control. After 24 hours, the GFP+ cells were quantified by flow cytometry. For select assays, 40 μl TNF-α (10 ng/ml) or 40 μl of culture supernatant from lentiviral vector-transduced DCs were pretreated with 2 mg/ml anti-TNF-α mAb for one hour and then added to the J-Lat cells.

Statistical Analysis {#S17}
--------------------

Statistical significance was determined using two-tailed parametric t tests calculated with Graph Pad Prism 6.0e. Significance was attributed to p values as follows: \*p\<0.05, \*\*p\<0.01, and \*\*\*p\<0.001.
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======================
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![Lentiviral vector virions that contain SIVmac Vpx infect DCs with high efficiency\
**(a)** Lentiviral vectors that express CD40L and influenza epitopes are diagrammed. The vectors are derived from pLenti.CMV.GFP.puro (658-5 Addgene), a dual promoter HIV-1-based lentiviral vector that has a 5' cytomegalovirus (CMV) promoter and 3' phosphoglycerate kinase promoter (PGK).^[@R42]^ The vectors express GFP (Control LV), CD40L (CD40L), GFP and influenza A matrix protein amino acids 58-66, M1,^[@R10]^ with an amino-terminal signal peptide (ER-M1), or CD40L joined to the M1 coding sequence (CD40L-M1). CD40L fusion proteins contained an intervening P2A picornavirus self-cleaving sequence.^[@R44]^ The vectors, except for ER-M1, contained a PGK promoter-driven puromycin resistance gene that served as a spacer and was not used. Lentiviral vector stocks containing or lacking packaged Vpx were produced by cotransfecting 293T cells with lentiviral vector plasmid, the pMDL-X Gag/Pol packaging vector that contains the SIVmac P6 Vpx packaging motif,^[@R8]^ and vectors encoding HIV-1 Rev, VSV-G, and SIVmac Vpx^[@R8],\ [@R45]^ or pcDNA6 empty vector. **(b)** DCs were transduced with Control LV, ER-M1, CD40L, and CD40L-M1 viruses at MOI=2. After 72 hours, GFP+ and CD40L+ cells were quantified by flow cytometry. Representative results from one donor are shown. **(c)** Pooled results from 12 donors are shown with error bars indicating mean +/− SD. Some of the lentiviral vectors were tested in eight additional donors and showed similar trends (data not shown).](nihms-643352-f0001){#F1}

![Transduction with CD40L lentiviral expression vectors induces DC maturation\
DCs were transduced with lentiviral vectors that contained or lacked Vpx and after 72 hours CD83 and CD86 were quantified by flow cytometry. **(a)** Representative flow cytometry analyses of untransduced DCs (red) and DCs transduced with Control LV, CD40L, ER-M1, and CD40L-M1 Vpx-containing or lacking lentiviral vectors (gray) are shown for both CD83 and CD86 expression. **(b)** CD83 and CD86 on the transduced DCs of three donors were analyzed by flow cytometry. The average number of positive cells is shown with error bars indicating mean +/− SD. \*p\<0.05 and \*\*p\<0.01 as determined by paired two-tailed t test.](nihms-643352-f0002){#F2}

![Transduction with CD40L lentiviral expression vectors induces DCs to produce Th1-skewing and proinflammatory cytokines\
DCs were transduced with lentiviral vectors that contained or lacked Vpx and after 72 hours cytokine production was measured in the culture supernatant. **(a)** The quantification of IL-12 is shown. **(b)** The quantification of TNF-α is shown. The results are the average data from three donors assayed in triplicate with error bars indicating mean +/− SD. \*p\<0.05, \*\*p\<0.01, and \*\*\*p\<0.001 as determined by paired two-tailed t test.](nihms-643352-f0003){#F3}

![DCs transduced with CD40L lentiviral expression vectors induce T cells to proliferate\
DCs were transduced with Control LV or CD40L vectors that contained or lacked Vpx and after 48 hours, cocultured with CFSE-labeled leukocytes. Seven days later, the cells were stained with fluorescent anti-CD3, CD4, and CD8 mAbs and analyzed by flow cytometry. As controls, CFSE-labeled leukocytes were cultured alone (Mock) or with uninfected DCs. **(a)** CFSE staining of the CD3+/CD8+ T cells is shown. (**b**) CSFE staining of the CD3+/CD4+ T cells is shown. The mock and uninfected controls are above and cocultures of DCs transduced with Control LV or CD40L vectors are below. **(c)** CFSE staining of the CD3+/CD8+ and CD3/CD4+ T cells of three donors is shown. The average number of CFSE-low+ cells is shown with error bars indicating mean +/− SD. \*p\<0.05, \*\*p\<0.01, and \*\*\*p\<0.001 as determined by paired two-tailed t test.](nihms-643352-f0004){#F4}

![DCs transduced with CD40L-antigen fusion lentiviral expression vectors activate antigen-specific CTLs and induce IFN-γ production\
**(a)** HLA-A\*02+ DCs were mock infected or transduced with the M1 lentiviral expression vectors containing or lacking Vpx and after three days, cocultured with an HLA-A\*0201-restricted M1-specific CTL clone at a ratio of 1:1. Uninfected DCs cocultured with the CTL in the presence or absence of M1 peptide were used as controls. After 24 hours, supernatant IFN-γ was quantified. Average data from three donors is shown with error bars indicating mean +/− SD. \*p\<0.05 as determined by paired two-tailed t test. **(b)** The lentiviral vector that expresses CD40L and an HIV-1 peptide epitope is diagrammed. The vector expresses CD40L fused to the HIV-1 MA epitope SL9 coding sequence^[@R19]^ with an intervening P2A self-cleaving sequence (CD40L-SL9). IFN-γ assay was performed similar to (a), except that the DCs were pulsed with SL9 peptide or transduced with the Vpx-containing CD40L or CD40L-SL9 lentiviral expression vectors and cultured with an HLA-A\*0201-restricted SL9-specific CTL clone. \*\*p\<0.01 as determined by paired two-tailed t test. **(c)** DCs from two donors were mock-infected, pulsed with M1 peptide or transduced with the Vpx-containing lentiviral vectors expressing M1 and then cocultured with the M1-specific CTL clone. After eight hours, CTL cells were analyzed for intracellular IFN-γ by flow cytometry. Representative results from one donor are shown.](nihms-643352-f0005){#F5}

![DCs transduced with CD40L-antigen fusion lentiviral expression vectors expand antigen-specific primary CTLs\
**(a)** DCs were mock infected (treated with DMSO), pulsed with M1 or irrelevant peptide, transduced with the Vpx CD40L expressing vector with or without M1 peptide, or transduced with the M1 expressing lentiviral vectors containing or lacking Vpx. After two days, the DCs were cocultured with autologous CD8+ T cells. Nine days later the cells were stained for viability, anti-CD8 mAb, and M1 or irrelevant peptide tetramers (not shown) and analyzed by flow cytometry. Pooled results from six donors with are shown with error bars indicating mean +/− SD. CD40L + M1 peptide was tested in three of six donors. **(b)** DC-CD8 T cell cocultures were maintained for ten days and then restimulated with M1 or irrelevant peptide in the presence of monensin and anti-CD107a mAb for six hours after which the cells were stained with for viability and CD8 and analyzed by flow cytometry. Pooled results from five donors are shown with error bars indicating mean +/− SD.](nihms-643352-f0006){#F6}

![DCs transduced with CD40L lentiviral expression vectors reactivate latent HIV-1 provirus expression\
**(a)** DCs from three donors were mock infected or transduced with lentiviral vectors containing or lacking Vpx. 24 hours later, the cells were cocultured with infected ACH-2 cells and after two days, infectious virus in the culture supernatant was quantified on TZM-bl reporter cells as the number of spot forming units per milliliter (SFU)/ml. As controls, ACH-2 cells were cultured alone (Mock) or treated with PMA. The data are the average of three donors with error bars indicating mean +/− SD. **(b)** DCs transduced with Vpx-containing lentiviral vectors expressing CD40L were cocultured with ACH-2 cells or in separate chambers of a transwell plate. The data are the average of three donors with error bars indicating mean +/− SD. **(c)** DCs from three donors were mock infected or transduced with Vpx-containing lentiviral vectors. After 72 hours, serial dilutions of culture supernatant were assayed by adding increasing amounts of supernatant to J-Lat cells. Control J-Lat cells were untreated or treated with TNF-α. 24 hours later, the number of GFP+ cells was quantified by flow cytometry. The data are the average of three donors with error bars indicating mean +/− SD. **(d)** Similar to (c), except that TNF-α supernatant from CD40L transduced DCs was pretreated with an anti-TNF-α mAb prior to incubation with the J-Lat cells.](nihms-643352-f0007){#F7}
